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NOTICE

When Government drawings , specifications , or other data are used
for any purpose other than in connection with a definitely related
Government procurement operation, the United States Government
thereby incurs no responsibility nor any obligation whatsoever;
and the fact that the government may have formulated , furnished,
~~ in any way supplied the said drawings, specifications, or
other data , is not to be regarded by implication or otherwise as
in any manner li~-t~nsing the holder or any other person or corpor-ation , ~r c u n v~ y i n q  any rights or permission to manufacture, use,
or soil any p.’ttented invention that may in any way be related
thereto.

This technica l report has been reviewed and is approved for publi-
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‘change material bibliography and more descriptive information on
the prime heat storage material candidates.

\

7’ PfRI Oi ~U,PIG O(PA ~~ T MfNT

~~ 

—



-‘I’

PREFACE

The follow ing is the final report of a survey and datacomp i 1~ition prepared for Honeywell Systems and ResearchCenter in compliance with P.O. 833-808-HA , Task num berF0648 AA 0001 , for period August 1978 through January 1979.

This work was provided to TRW , Inc., under  con t ract  numberF 3 3 6 1 5 - 78 - C - 50 8 1  f o r  de s i g n  a p pl i c a t i o n  on the  SMATH IV
~iP ~v(~lopment  p r o g r a m .  Append ix  B arid C l i s t  c~~~y r x q h t e dm a t e r ia l s  use ! f o r  t h i s  sur ’.’,’v,
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SECTION I

I NTRODUCT ION

Dynamic therma l control of a component or critical surface
temperature by heat storage techniques can offer unique
advantages for some applications . The passive and reliable
nature of this approach can be attractive for space appli-
cations . Heat storage devices employing phase change mate-
rials (PCM) typically offer the highest therma l storage
density based on volume or mass. Over 500 potent ial low
melting point (100°C) PCM ’s have been listed in the litera-
ture m d  even greater numbers of high melting point (300—
bOO °C) PCM ’s are ~ilso candidates . Most of these materials
fail t o  sat i sfy all the following desirable characterist ics
for a PCM storage applicati on :

High heat s~~

This property defines the avai lat ic storage energy b r
t h e  ~h.tse cha~ qt’ a n i  i t  may l e  ir~lcrtant on a we ~ght
or ‘.‘ . iu~~t’ !asi s.

• ~~ x h i ’  ~ol  ~~~~~ - —~ . i ; ~~id  T r- t : o .

‘l’h.’ ~.‘orfl; ~~n ‘1 ‘he s i  ~d ~n I  1 1, 1u11i ~~~~~~ sh~~u 2 - ~ l e
~~~~~~~ ~~~~~~~~~~~~ Co r i ; ’ l . ’t c ~ r ’’vt : s~ ! i ¶ ; w i t . no  r.tn~~1 ~~~
hy st e r ~c;~ s ’, &Ic si - iF  i t ’

• 311  ~n Tn e r ~’..i ~
‘ n . !uc~ ‘.‘

Th~~s ~n~ i ’ r t y 1s o - u a 1 I y  t h e  key  ~~.1r~~~- . - t e r  t h a t  leter—
mifles whet her a ~~~~ c a n  be s u c c e s s f u 1 1~ i~ p1 i e 1  or
F r a.’.’ i 

~~
- ;  l 1 .  I t  1 ‘~~~ S , ~~~~ 

• ,—
~
‘- .11 p OTfl p dC 1’,’ ‘

~
‘ 1 5 •

ft . v.. r  ~~~~~~ t r a n s~~or ’ x r .~ he ~~t r~~ r~~’ . ‘ o r ~~’. t o
h. -  s. l~~d ” I  ~~iu ~~ t in ’e r ’~ice  ‘h e  1 ’ ’’-’ .

• !~~~~~~~ _~~J~~~~~~~i 
xc Hea’ . e~~i ’:o- xt 1

The s ‘r age  ca ~ I c i y i n ’  i t  :~or  he 1 ;u id or so 1 1 !  ph a s e
ci b e  5 i ~i:- i ci r. t • a q yen i i cat on

• Lon~: Term Er ’ iF i l i t  ~ r nq Ee~ t ’a e - i  !‘reei e,Thaw Cyc 1 1~~ 9

e: endable F ; ‘ a ’  ,‘ . ~-,q It& i\’ i or

I .:~~ ‘
.. .. :  .a :~~;t -  :~~ir ng Phase Tr,insitir:,

Th~ s r ’ p f r t  y ca n  g r e a t  ly  com~ 1 ic at e  he P ’~t e lement
h es  c m .  ~ .‘ve re expa ~~s i n n.’; 1 i i i  ncm ph a s e  change can  cause
i o c a l 1 . ’e- -! s t r e s s e s  °r c a n  rc~~u i r e  c o m pl i c a t e d  e x p a n s i o n ’
con t n c  ion i.rov 1 Ofl S

• Low Vapor r r c ssu re

1 H
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Honeywel l  has comple ted a survey of ava i lable  phase change hea t
storage materials and has compiled a list of the more attrac-
tive prime candidates for space applications. This data compi-
lation is provided to TRW , Inc . for use on the SMATH IV Develop-
ment Program .

The following Section (II) discusses the heat storage material
categories and reconmiends a list of 31 prime PCM candidate
ma te r i a l s . A series of Appendices are also included which
contain the following background data .

Appendix A - List of over 200 PCM data .

Appendix B - A PCM data reference list. Scientists at Oak Ridge
National Laboratory (ORNL) were consulted to review
the list of PCM candidates. Their com m ents concern-
irig the materials list and their reconunendations
for add itional document reviews are presented in
Appendix B.

A : ; - e n~!~ x C - An extensive heat storage document bibliography .

Appendxx D — A ‘omlilat ion of additional descriptive infor—
mation on some of the prime PCM candidates .

Appendix E - Brief description of the information sources
researched ~n developing the PCM l’epnrt.
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SECTION II

PHASE C HANGE HEAT STORAGE MATERIAL S

Honeywell has conducted a survey of available phase change heat
storage materials corrsmonly referred to as PCM’s (Phase Change
Materials) . This data has been obta ined from the documents and
technical repositories described in Appendices B, C , and E.

The PCM candidates are categorized into ten uroups , each category
being listed in order of m e l t i n g  p o i n t s , f r o m  low tc  high.

The . mc c u r a c v  of the data is dependent n the number ot significant
di ..;its found in the literature. The only exception is in the
m e l t i n g  point , where the temperatures were rounded t o  the nearest
integer. Expl anatory i n f i i r r , a ’ l n n  (S , I. ,  M , MP) is included when
sp€’~’it  i c a l  ly no ted  in  t h e  1 i t e r . t ’  ur . ’ .

When d a t a  was  not  r i n i b i  lv . tv a i l a l ’ l . - , s p i ces w e r e  le t  allow
en t ry ot  d a t a  b in I a t  l i t ; :  b i t e s .

H e . ’,tu se  of t b ,  l i n a c  n umb ;•: of p o s s i b l e  phase ‘h a n : .  mate r ia l s ,
the search was lir ~i t i ’ b t -  n i t ; ’ r i , i l s  w i t h i n  the b i l 1 i .~~in q  h t r i o r - t e r s :

.~~~~ri~~.t~~ ton T,~~ ~~ t •~~ r 
_ _  _ _ _ _ _  _ _

• Heat f Fi.ia ion iOO,000 i 300 ,000 ~~~~~~ I • . 4  to 72 ca1/~~~) (SO t o  ISO ?T~ ib )

D.rt.L ty S00 to ~~O0 kg/a [ 7.. to ~~.S ga/Ca3) 
— 

(SO to 400 lb/ft 3)

$~~~ct ftc N*at 500 to 2000 J/kq°R (.1 to . S ~~/cai/~~ -0C) (.1 to . S WT’V/ib°7)

PARAFF INS

Paraffin s n o r m a l l y  a re  of th e type Cfl H2n+2 and have similar
properties of the saturated hydrocarbon f a m i l y .  The m a t e r i a l s
have In i n t e r r w - ! l a t e  v a l u e  ! c r  latent heat , low therma l con-
ductivity, and are safe . The low t h e rm a l  c o n d u c t i v i t y  pro-
p e r t y  does l i m i t  the  par .a f t i n s ’ e f f e c t i v e n e s s .

P roper t  c-s of Paraffins :

1)  H i g h  hea t  of f u s i o n  per u n i t  weight.
•) Wide m e l t i n a  p o i n t  r an g e  ( 2 3  t o  151°F) wh i c h  was

l i~~ite 1 to 100 and above f i r  t h i s  sea rch .
3) Flarruitable.
4) Nontoxic.
5) Noncorrosive .
6) Chemically inert and stable below 932°F.

~) Ne;l iqible supercooling behavior.
R )  Low volume change on melting.
~ ) Low vapor pressure in the melt.
10) Density ranges t rom 43.7 to 4 8 . 1  l b/ f t
11) Low therma l conductivity (corrected with fillers).
1 2 )  High wetting ability.
13) Predictable and dependable.

3
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NON- PARAFF I ~ ~RGAN ICS

This category varies wide ly in the or g a n i c  ma te r i a l s  and their
proper ties. The t o l b o w i ng factors should be considered in
t h i s  general category.

• Most are  flammable.
• Modera te to high toxicity.
• Many have a low flash point.
• Impuri ties may greatl y affect melting points.
• Many of the lonq-chain acids show two or more crystalline

fo rms .
• Fillers will improve thermal conductivity.
• Many will decompose when exposed to high temperatures.
• Solid-solid transitions are common .
• Many have hi ;h heats of tusion .

ME TAL~. I CS

T h i s  ‘ i t o  ; - r v  i n c l u d e s  the low n t- it i n ~ metals and ret al
e ut e c t ic’s. I3e ’.i~ si- t h ey  are p-n i - r a l l y  so heavy , t h e y  are
u s u a l  l - .• n o t  , ‘ o ns i W ’r e d  is sex’ i - us n :  i r a-  c an d i d a t e s .  On t h e

t b ; : b i n d , t h ey  d h ~~
‘.‘. h i  :h h e a t s  Of  u s r o n , t n t

th t ’:rni i c. - : , J u c t  i o i

Feat ~x o~ Met  a l i i  Cs :

I )  :.w hi- i ’ o~ ~usi -n per un i t  w;-j~~h t .
2 ) Hi :h h e t  us ì c ~ - un i vo l  une
3) High th .-rnci l L ’O f l i i i C t  i O i t y  ( t i l l e : n  r o t  r e q u i r e d )
4)  : , w  - hea t
5) ~ ;‘la : l y low v.ipor pri-sto :re .
h ) w - :.. i .~~ i - - - VO I - on n~ - it 1 : .

7)  Hi ~h 
• 

~~~~- :  :-~~i 1 st ti : 1 i t y
8) Mi n na 1 h izard ‘us beh v:i or.

4
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I

I NORGA N IC SALTS

In o r g a n i c  sal ts are ion ic , when dissolved in water they become
elec tro ly tes , can be corrosive , and have higher heats of fusion
than most of the salts.

The al uminum chloride doub les in volume when melted , but does
have some properties that are desirable for therma l storage
ma t e r i a l s .

79AlCl 3 is a fused salt eutectic , that is , a eu t e c t i c  compoun d
t o r n - e d  by two or more inorganic silts. Fused salt eutectics
have the follow i ng f e a t u r e s:

1) C o mp on e n t s  can be v a r  it ’d w i t h  some eut ec t ics fo r a
c ho ic e  of  v a l u e s  f o r  t h e  m e l t i ng  p o i n t  and h i - a t  of’
f u s ion

2 )  ~;en t - r  a I I y h h h i - a t  o f  us ion.
3) The p n ; -st- :.ce of mo i s t u r e  i n f l u e n c e s  t h e  me lt ~~n~ po i n t .
4 ) h a r p  m e l t  i n- p i n t
5) L’u r rOs i ’.’ t-
6 )  ;~l r ~in ~~r - -h l ox  i - :. - h as  h igh  vi 1~ ;r ; - t  ic  e x p an s i o n , h u t

is l w . : in .-u ’ ; t  1 ’ S .

Th e  1 u c n i t ; ~ s t i l t  i s  t t~~~n a :  y o r !  u . n J  s-i  i t  . The ~t 1di t ion  ot  i m—
pu: i t  ies 1 we : s t h e  m o l t  i n - ;  p i n t  i n :  t h e -  h i - i t  of t o ;i o n .  The
t u s i - n s  o t  t l - n ’ r i  b e s i l t s  : c - n ; - r a l l v  .lre r e p u t e d  t o  occur  s h a r p l y .

~TTF: TICS

A . ;t.~~~t i ’  15 i n  t h y  ~ s i l u t i c i n i  h i v ~~n its c c i r ;p on en t s  in  Su ch
i r - i - r t l o n s  h i ’ ‘h. mi - I t i n :  - m t  is t h e  l i - w i - s t  p o s s i l i t -  w i t h
t b  s’ c -a’~p ; n t - n s .  Tb . ; ; ’ -  m a ! , - :  m i l s  . 1 : ;  ~- u t e c t  - r~~X t ~~ r e s  t ha t

have h. .-;- n ni r i -  sp’ i c t l  i v  c i ’ ’ - : ; : i •‘ed.

‘ R F :.-~-BASLr) T~: TIC:

The ~r e a — t ised ‘ - i t  • -  ‘ I c  ot : s p r o m  i Se as a st or l :; medi un
Arn :.i i ‘h lo r m - b . - i r s  a sir~ple ~tect ic—type phase :;- l - i tion—
s h i p  wi h ut ‘‘ i  is -

~
- . I is  m ’ s  t n c t  i on  as a nu c  l i - - i t  ing ~iqont

s~ l vi + h .  - - : ih  - I err o s ip;-: ‘
~~~~ l x  n-

S

L _ _ _ _ _ _ _ _ _  ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~ _________



SALT HYDRATES

Sa lt hydrates may be considered a l l o y s  ot anhydrous  s a l t s  w i t h
a d e f i n i t e  n umber o t  moles of w a t e r  f o rm i ng  t y p i ca l crystalline
solids. Salt hydrates usually h a v e i n c o n g r u e n t  m e l t i n g  p o i n t s .
This is because th e - so l ub il it y is not high enough , and (~~~
me it i n -~ t h e  1 nwe’r hydrat e se t t les to the bottom . However ,
there -ire exceptions when t h e  s o l u b il i t y  o f  the salt is suf t i—
c i ; - n t  l y  h i a h  a n t  the s o l u t i o n  w i l l  d i s s o l v e  c o m p l et e l y in  i t s
w i t t - F  of c r y s t a l li z a t i o n  upon m t - i t  i n - ;  and f r ; - e : ; o  r e v e r s i b l y .

F e i ’  u :t - s  of s i l t  h yc li at  to ; :

1 ) h i i  ~;h hea t of i n i on  f l t - I  un i t - i ;ht in! ~‘o 1 un~e
2) Small vo lume char-p up :; P c ’ 1 t~ i i :
3) i~~~~ . 3H 20 , H a ( ( > U )  . 8H 20 , and ~~~t 2 H ) ’ ; 4  . 1 ,~ 1r~~ ) a ll

h o . - con;ru.-nt :- , - l t  i : >;  r i n t s .
4 )  Re - i t t  i v t - l y  h i g h  t h e :  r u  ‘~ - n b ; ’t i v i t y  ~~-r n n — m ; - t ~ i 1s .
5 )  Surs- : - cool i t - j ,  t h i ’  c an  be -  m m  n m ;  ;~e -c1 w r t h  the ebb i

0 - ; - • l i - i ’ I n-  t a t - : .  t S

~ Cor:  i s i ’.’e ’ .

- : : - - W

~‘h~ - soi m : S.  i ’ . ‘ x i : - .S~~~ : s : ~~’:e- o o s s m l ~~ l~~ i t - s  ~~~: h ti  ; - n t h ~i l
- i e s n t ’ . e  - - ~~- - ‘ ii - c m  .. - S 0 he - : : i 1 - > :o r i s  :o: , a n i b  :;‘ - : I i  blo
s .: . rcoo I m n :  . 1’ 1 es • m o  ‘

~~ 
-~~~~; t I : ;  a x e  or ; i :  - m a t  - : is w -

i: ;; • : - n e  * ~- :c  ~~~i - •

‘ - : ; . r i ~~~~y ,  t h t - s - -  - : : e : m c  rui t . r m a j s  : n - o- : ; s - l i  —so~~i J t - - i ’si—

~.~ o ns it -e : en 5;1 : t - c ; ; -  : i ’ ; r ; -  b ’ - - -~-~ ‘ h  rol i: - ;  p
- : - i’ - ;; • - - . ‘n .- S il - s : ‘ -

F~- i ’  . : - - s  i l a s  ~~
- ‘ C: o s’  11 5:

I) , w a x y  s l i m s  that c’ i : . t ;  ~ x t  r i : ’  d u n : ; - :  cousi -i . -r t—
P l y  Io-ss p i  ‘ - s _sn :  t n t : ; - : i m n a :  y crys ’ e l s .

.‘ ) t i m  :h v ip i : : r & ’ s s u r e s  r i - P e t  i v e  t -  ot h e r  s ol i :s .
3 )  10 - 5~~’ v 1 m:-a - -hana ,-s.
3 ) M i n i m a  1 s ipt-X ’-)O l i
5 )  F a i r l y h i  ;h t r i n s i t m
; ) : ,~~~~ . i~; r i o t  v i - :  ~

‘ Xi C.

7 ) : - CO - 5 1”  . 
-

A p; . -n ! ix  A o ;n t a  in s  a c o m pi l at i o n  of i 1~~ - :  ( ; x i m a t e l v  2~)0 PCM
c a n d i d a t e  lrea t er i al s  t h a t  appear to ~fcr acceptable potential
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APPENDIX D

DE SCRIPTI ~~t INFORMATION ON PRIME ?CM CANDIDATES

n— EI COSANE

I
FORMULA : C 20 H 42

MATERIAL COMPATIIULITY : Compatible with most structural materials.

S ’~:RcooLIN G~ None observed .

HAZARDS : F l a m m a b i l i t y :  f i r e  h a z a r d  is present  when exposed
to f l a m e , high temperatures or strong oxidi zing m a t e r i a l s .

Toxicity: -~ene ’ra.ill y flOn’ tOXic.

OTHER: Non—corrosivt’, reliable and predictable.

E L A I r ) r (: ACID

FO RMULA : C 8 H 7C 9 H 16 C00 H

4 MATERIAL COMPATIBILITY : Compatible with aluzninun-s

SUPER COOLIN C,: None observed

HAZARDS : Mild toxicity ; non—corrosive

OTHER: Exhibits good freezing behavior

41
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ACET IC ACID

FORM U LA : CH 3COOH

MAT E R I AL C O M P A T I B I L I TY :

Metals - G e n e r a l l y  does no t a t t a c k  -sluminum , s t a in l e s s
s t eel , s i l ver  and other precious metals , titanium , tanta—
lum , and zirconium . It reacts with magnesium , nicke l  and
“ickel alloys , tin, coppe r and copper al loys , bery l l i u m ,
c h r c a m i u r - ,  ~inc , in -- ‘~iry i n~; degrees .

— L o ~i pdt ib 1 e  w i t h  f l u o r o c a r b o n s  (TFE,  FE P)
a - , s d a s s —c~-’r t r - i~-s . }-~ -act s  w i t h  acr ’.’li cs , rubbers ,

P C ’X V S  , ny 1I : n  a n~~ pheno l  i cs.

v-~ :.~
-
~~ -::~~ i - v - - :x~-;~~ ; : : ; : — ~~

- ‘
~~; :  Pl3/~SE (‘HA: ;c-i:~ + 1 ~~ . 6~~~ 

a~~ m e l t  x r ~

~~~~~ I I I N C : )~~~~~~ - ph~ts ’- s~~~~a e : c a a ~~I1 i r i- ;  of - s ~~ - -~ 1r ,a ’ y , 2 ’13 F , 15° C

~~~~I %P ,  s : C A C ~A~~C ! . t ~t .’-’ . I C S

E’ l as h  i ’~~I~~ 7~ ’ : ~1 ~
1’ K ( 1 0 4 C  F , 40 °C)

A - 7 t . I - - i - 7C ’.1~~~~i ( Cf l  ~~~‘ r’Cp : R39  ‘
~~ . ( b Y) ! ,

Fl- 1 r~r”-.I h i1~~~y: - 5 !~~- r ~~~~~ t - , when exposed ~~~- -  h~~5 s t  ( I r  lame ;
caT;  r ( ’ac~ v i q o r o u sly  with oxi d i z i na ;  mater :,ils.

T~~x i a ’ it y :  (‘ _~ us~~1c , i r : i t a t i n ; .  Wh~’n heat*’d t c -  decomp osit i l ’n ,
it P ’ r i t s  ¶ n x i c  f u me s .

I
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TR I STEARIN

FORMULA : (C 17 H 35C00)3 C3H5

MATERIAL COMPATIBILITY : Compatible with aluminum,

SUPERCOOLING : None observed ,

CHARACTERISTICS : On further heating after melting point ,
solidifi es and melts again at 345°K. No unusual freezing
behav ior is noted ,

OTHER: Non-corrosive and non-toxic.

OXAZOLINE WAX - TS-790

MATERIAL COMPATIBILITY: Very ine rt and consequently
compatible with many materials. Exhibits container
separation with quartz and pyrex .

SIJPERCOOLING: None observed ,

HAZARDS: Flammability : probably flammable.

OTHER: Thermal diffusivity estimated very low .
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ACETAM I DE

FORMULA: C21150N

MATERIAL COMPATIBILITY : Compatible with aluminum.

VOI,t’MF’TRIC EX~’AN~~ION DURING PHASE CHANGE : +8 .15% on meltina~.

~ t P!-: !~COO L I N G :  None observed .

UA~ APi ) S : To x i c i t y :  e m it s  toxic cyanide fumes when heated
t ;  decompositi- -n .

OTHER : (~~x x 1  therma l d i l t u s i v i t y .

G A L L I U M

MATERIAL COM P A T I B I L I T Y: Very corro siv e .

VOLUMETRIC E X P A N S I O N  DURING PHASE CHANGE : —3 .2~
(Volume decreases with melting)

SUPERC OOLIN G : Up to 30°K , depending on purity . Very pure
gallium supercools as much as 30°K, whereas impure gallium
may not , depending upon the type of impurity. The presence
of lithium and bismu th tend to substantially decrease
supercooling. Cerium , copper , and molybdenum produce a
small  decrease in supercooling . Antimony , sodium , lead ,
s i l i con , and cadmium support supercooling.

CHARACTERISTICS : Excellent physica l and chemical stability.
Expands on freezing. Thermally stable.
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LITHIUM NITRAT E TRIHYDRAT E

FORM U LA : LiNO y 3H 20

MATERIAL COMPATIBILITY : Compatible with aluminum , quartz ,
pyrex . Possibility of corrosion on long— term contact.

VOLUMETRIC EXPANSION DURING PHASE CHANGE : +8%

SUPERCOOLING : Without a catalyst , up to 30°K of supercooling
can be expected . Zn(OH )N03 has been reported as an
effec tive catalyst.

HAZARDS: An effective nucleating catalyst has been reported ,
which preven ts supercoolxng . Because of coordinated
wa ter of hy dra ti on , LiNo3’3}-12O doesn ’t exhibit hazardous
behavior typica l of anhydrous salts.

SODIUM HYDROGEN PHOSPHATE DODECAHYDRATE

FORMULA : N a 2 HP O 4 12H 20

MATERIAL COMPATIBILITY : Corrosive to aluminum

VOLUM E TRIC E X P A N S I O N  D U R I N G  PHASE CHANGE : +5,1%

SUPF -R COOL IN G:  None observed

OTHER: Melts congruently. Use of inhibitors such as
sod iur~ sili cate (water glass) should overcome corrosion
problems .
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- BARIUM HYDROXIDE OCTAHYDRATE

FORMULA : Ba (OH )2’ 8H2O

MATERIAL COMPATIBILITY : Corrosive to a luminum

HAZARDS: No par ticu lar haza rds ,  due caution with human
contact.

OTHER: Melts congruently with negligible supercooling .
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